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Abstract 
Ticks transmit the highest variety of pathogens impacting human and animal health worldwide. It is now well estab‑
lished that ticks also harbour a microbial complex of coexisting symbionts, commensals and pathogens. With the 
development of high throughput sequencing technologies, studies dealing with such diverse bacterial composition 
in tick considerably increased in the past years and revealed an unexpected microbial diversity. These data on diversity 
and composition of the tick microbes are increasingly available, giving crucial details on microbial communities in 
ticks and improving our knowledge on the tick microbial community. However, consensus is currently lacking as to 
which scales (tick organs, individual specimens or species, communities of ticks, populations adapted to particular 
environmental conditions, spatial and temporal scales) best facilitate characterizing microbial community composi‑
tion of ticks and understanding the diverse relationships among tick‑borne bacteria. Temporal or spatial scales have a 
clear influence on how we conduct ecological studies, interpret results, and understand interactions between organ‑
isms that build the microbiome. We consider that patterns apparent at one scale can collapse into noise when viewed 
from other scales, indicating that processes shaping tick microbiome have a continuum of variability that has not yet 
been captured. Based on available reports, this review demonstrates how much the concept of scale is crucial to be 
considered in tick microbial community studies to improve our knowledge on tick microbe ecology and pathogen/
microbiota interactions.
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Background
Ticks transmit pathogens of medical and veterinary 
importance. Their infections cause serious health issues 
in humans and considerable economic loss in domes-
tic animals. Important steps in assessing disease risk 
and formulating possible intervention strategies involve 
understanding which factors drive population densities of 
ticks and the transmission dynamics of pathogens. Many 
environmental, landscape and anthropogenic factors 
are involved in determining the spread and abundance 
of ticks and transmitted pathogens. These factors are 
strongly interlinked and not yet well quantified. An addi-
tional layer of complexity is the tick microbiota, possibly 
affecting the fitness of ticks and consequently influencing 
their populations. Microbiota of ticks are ecological com-
munities of commensal, symbiotic and parasitic micro-
organisms found in and on ticks. Tick-borne pathogens 
are artificially separated from the rest of the microbiota, 
based on a subjective human classification. Tick-borne 
pathogens (TBPs) are defined as microorganisms that 
are transmitted by ticks to a vertebrate and could cause 
disease. Nevertheless, pathogens can be considered as 
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members of the tick microbiota, as they also have the 
ability to survive within ticks, change the fitness of tick 
populations and face the challenge of being transmitted 
from one tick generation to the next. Although pathogens 
are part of the tick microbiota, we will keep in this review 
distinguishing them from other microorganisms inhabit-
ing ticks.
Thanks to various molecular approaches, epidemiologi-
cal surveys have been performed to identify microorgan-
isms, particularly bacteria, acquired and transmitted by 
ticks [1–30]. These reports increased our current under-
standing of TBPs epidemiology shifting from a “single” 
to a “multiple” pathogen view. For example, Ixodes rici-
nus is known to transmit more than 25 different patho-
gens affecting the health of humans or domestic animals: 
several studies have shown that one third of I. ricinus 
nymphs are infected with at least one pathogen and 
about 6% with more than one pathogen [31]. In addition, 
it is now well established that TBPs coexist with many 
other microorganisms (microbiota) in ticks constituting a 
tick microbial complex recently named pathobiome [32]. 
The microbial communities of several tick species of the 
genera Ixodes, Dermacentor, Hyalomma, Haemaphysa-
lis, Rhipicephalus and Amblyomma have been studied 
[33–39] improving our knowledge on the diversity and 
composition of the tick microbiome. Microbiome often 
consists of endosymbionts, which can have multiple det-
rimental, neutral, or beneficial effects to their tick hosts 
[40, 41], and therefore might play various roles in fit-
ness, nutritional adaptation, development, reproduction, 
defence against environmental stress, and immunity [42]. 
Otherwise, they may also contribute to transmission or 
multiplication of tick-borne pathogens [9, 32, 43], with 
many potential implications for both human and animal 
health. In this context, the identification and characteri-
zation of tick microbiota has become crucial to better 
understand tick-microbe interactions. With the develop-
ment of high throughput sequencing technologies, the 
number of studies dealing with the tick pathobiome con-
siderably increased in the past ten years revealing new 
pathogens and an unexpected microbial diversity in ticks 
[5, 39, 44–46]. It is of great interest to identify members 
of the microbial community which strongly affect the 
risk of TBPs transmission, either by affecting the fitness 
of ticks, their survival, or the transmission capacity of 
pathogens.
This microbiota is likely to vary according to the scale 
at which samples have been collected (spatio-temporal 
scale, the scale within the tick at organ level) or the con-
text in which the study has been performed (environmen-
tal parameters). However, many studies dealing with tick 
microbes identified microbial communities in ticks with-
out considering these scales that may therefore affect the 
interpretation of results. Consensus is lacking as to which 
spatial and temporal scales best facilitate understanding 
the role of tick microbial diversity and composition, and 
its potential influence on TBP transmission risk. Scales 
have a profound influence on how we conduct ecologi-
cal studies, interpret results and understand the links 
between processes operating at different rates. All these 
factors deeply influence our ability to anticipate changes 
driven by the climate trends, ecological factors, envi-
ronmental pollution, or antibiotic resistance on the tick 
microbiome. Patterns apparent at one scale can collapse 
to noise when viewed from other scales, indicating that 
perceptions of the importance of different processes vary 
in a scale-dependent manner. Moreover, the environment 
is not only an arena in which organisms can prevail, as 
they interact and alter the environment. The assemblages 
of human or animal TBPs, specific tick endosymbionts 
and other microbes (commensal or environmental) are 
likely to vary along with the geographical location or sea-
son, and can also depend on tick-related factors such as 
life stages and the anatomical location.
This review aims to highlight the importance of work-
ing across multiple scales when dealing with tick micro-
bial ecology. This integrated approach would allow to 
(i) better understand the ecology of tick microbial com-
munities and their interactions; (ii) develop predictive 
models on pathogen dynamics and pathogen/microbiota 
interactions; and finally (iii) better understand tick-borne 
diseases. Spatio-temporal scales are just as important 
to consider as those defined at the level of the tick body 
(Fig. 1). Based on results from previous studies, we aim 
to demonstrate how the selection of scale influences our 
understanding of tick microbiome TBPs dynamics and 
microbiome-pathobiome interactions. This will be firstly 
addressed at the tick scales (organs vs whole tick body 
and the different tick stages) and then at the both tempo-
ral and spatial scales.
We are aware of the lack of a consensus about several 
definitions regularly used in tick microbial community 
ecology. The key definitions regarding tick microbes are 
provided in Table 1.
The need to consider the different tick scales 
(organs, stages) to better understand the tick 
microbe ecology
The organ scale
The new high throughput detection and sequencing 
approaches have revealed and identified a high diversity 
of TBPs. The vast majority of the reports focusing on 
pathogen detection have investigated whole ticks. How-
ever, it would be informative to look at the organ level 
due to the specific transmission dynamics of tick-borne 
pathogens. During blood-feeding, pathogens need to 
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pass the barrier of the midgut (MG) to colonize the tick 
body, and the barrier of the salivary glands (SG) to be 
transmitted with saliva. Thus, despite that these are the 
primary organs for pathogen acquisition and transmis-
sion, few data are currently available on the organ-spe-
cific pathogen distribution. Comparing the numerous 
studies identifying pathogen presence and prevalence 
at the whole tick scale with the few of those performed 
at the tick organ scale [22, 47, 48], it is extrapolated that 
most of pathogens detected at the whole tick scale are 
logically found at a finer organ scale. Several contrasting 
findings can however be observed according to the tick 
scale we are looking at. With sensitive detection tools, 
tick co-infections are usually observed in tick-borne 
pathogen analyses [8, 29, 39].
Several studies on I. ricinus detected at the whole-body 
scale that the most common pathogen associations (posi-
tive or negative) were Borrelia garinii + Borrelia afzelii; 
B. garinii + Borrelia lusitaniae; and B. garinii + Borre-
lia spielmanii [8, 12, 21, 49]. At the organ scale, it was 
noticed that the most common bacterial co-infections 
in male and female MG and SG were Rickettsia helvet-
ica + Anaplasma phagocytophilum and R. helvetica + B. 
lusitaniae, respectively [22]. These contrasting results 
observed in pathogen associations thus depend on the 
tick scale (whole body vs organs). We detected differ-
ent members of the complex B. burgdorferi (sensu lato) 
in both SG and MG of questing I. ricinus adults, which 
contrasts with the well-established postulate indicat-
ing that B. burgdorferi (s.l.) genospecies are not found in 
the salivary glands during the initial tick attachment, as 
they only move rapidly from the gut to the salivary glands 
at the beginning of the next blood meal. These findings 
suggest that some B. burgdorferi (s.l.) genospecies do 
not need a blood meal to start their multiplication and 
migration from the gut to salivary glands. This hypothesis 
has already been experimentally reported [50] showing 
that different B. burgdorferi (s.l.) strains were detected 
in female salivary glands before blood meal. These stud-
ies demonstrated how much it is crucial to consider 
both entire tick and organ scales to increase our current 
understanding of TBPs dynamics and ecology.
Most of studies describing the tick microbiota are based 
on the DNA extracted from whole ticks. Even if endos-
ymbionts are mainly known to be vertically transmitted 
to the progeny via a transovarial transmission, multiple 
evidence suggests a probable horizontal transmission 
and possibilities to find them in other tick organs [43, 
51–53] outlining a possible influence on pathogen acqui-
sition and transmission. Despite this evidence, very few 
studies have identified the tick microbiomes at the tick 

















Fig. 1 Improving our understanding of the tick microbial community 
ecology. Spatial and temporal studies ranging in scale from that 
of tick organs to population have allowed us detect patterns of 
distribution to finally develop predictive models on pathogen/
microbiota interactions. Pictures: organs (Ladislav Simo), genera and 
species (CDC), populations (Philippe Garo, Agence Phanie)
Table 1 Key definitions
Term Definition
Tick pathobiome Tick‑borne pathogens in their microbial environment: tick‑borne pathogens plus the rest of tick microbes potentially interact‑
ing with them
Tick microbiota The assemblage of all microorganisms present in and on ticks
Tick microbiome The collection of genes and genomes of members of the tick microbiota combined with the environment (Marchesi and Ravel 
[113])
Tick‑borne pathogens Microorganisms transmitted by ticks to humans or animals which have the ability to cause disease
Tick symbionts Microorganisms engaged in close and long‑term interactions with their tick hosts. They are required for tick survival and repro‑
duction or have multiple effects on tick life history traits (Bonnet et al. [42]) Endosymbionts live inside tick; most of them have 
obligate intracellular life cycles and depend almost exclusively on maternal transmission
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in tick microbial communities are described according 
to the anatomical region within the tick. As an example, 
Gall et al. [58] identified microbes in the MG and SG of 
two Dermacentor andersoni populations reporting that 
the bacterial composition varied by organs. In the first 
studied population, the microbial community identified 
in MG had two endosymbiont groups, namely a mixture 
of Francisella spp. (20%) and Francisella-like endosym-
biont (61%), whereas the SG microbiota was composed 
mainly of Arsenophonus spp. In the second tick popu-
lation, the MG microbiota was primarily composed of 
Francisella-like endosymbiont (60%), Francisella spp. 
(20%), and a small proportion of a R. bellii (16%), whereas 
the SG microbiota was composed primarily of R. bellii 
(82%) and Arsenophonus spp. (11%). The detection of a 
large abundance of Francisella-like endosymbiont only 
in MG could be not surprising since this tick endosymbi-
ont synthesises B vitamins that are deficient in the blood 
meal of ticks [41]. This observation is in agreement with 
another study [59] reporting that the majority of field-
collected adult I. scapularis harbour limited internal 
microbial communities that are dominated by endosym-
bionts. Other results [60] suggest that Coxiella spp. and 
Rickettsia spp. are the main symbionts in three species 
of ticks, namely Haemaphysalis longicornis, Rhipicepha-
lus haemaphysaloides and Dermacentor silvarum, sym-
bionts primarily restricted to MG, Malpighian tubules 
and reproductive tissues; however, such tissue distribu-
tion varies in depending on species and sex. Clayton et al. 
[57] reported that the composition of the main endos-
ymbionts changes over three generations in MG and SG 
of adult D. andersoni ticks. The endosymbionts included 
Rickettsia, Francisella, Arsenophonus and Acinetobacter, 
and their presence changed in contrasting proportions 
according to the considered organ.
In the case of Francisella-like endosymbionts, their 
presence in various tick organs is probably linked to a 
specific functional role that is still unclear. This hypoth-
esis has been recently proposed [53] to explain the pres-
ence of Midichloria mitochondrii in different tissues 
inside the tick I. ricinus. These authors suggested that 
this primary I. ricinus endosymbiont could play multiple 
tissue-specific roles both enhancing tick fitness and/or 
ensuring its presence in the tick population. Epidemio-
logical surveys and identification of microbial communi-
ties in ticks performed at the whole tick body are clearly 
relevant to characterize the presence and the dynamics of 
tick microbial communities. Identifying these microbes 
at the finer organ scale is probably more relevant with an 
aim of capturing the mechanisms of pathogen transmis-
sion and the potential influence of the tick microbiome in 
these mechanisms. Nevertheless, it should be noted that 
this approach can be particularly difficult to perform due 
to the limitations of manipulating tick organs. Dissec-
tion of adult ticks is indeed possible, but translating the 
method to nymphs is a challenge. In addition, it is time 
consuming and it is necessary to be careful during the 
organ extraction to avoid potential cross-contaminations.
Tick stages: larvae vs nymphs vs adults
Ticks of the family Ixodidae undergo either one-, two- or 
three-host life-cycles. Most ticks of public health impor-
tance undergo a three-host life-cycle (larvae, nymphs, 
adults), in which after a blood meal, a tick leaves its host 
for moulting or egg-laying. Ticks potentially acquire 
pathogens from hosts during their different blood meals. 
A high density of hosts might hypothetically drive larger 
possibilities to acquire TBPs. The prevalence of TBPs in I. 
ricinus nymphs and adults in pastures and woodlands in 
France has been already studied [2]. Results showed that 
the highest infection prevalence of B. burgdorferi (s.l.), A. 
phagocytophilum and Rickettsia spp. was found in adult 
females. The prevalence of B. burgdorferi (s.l.) in nymphs 
was lower than 6%. Contrasting results were observed 
[12] in three geographically distinct areas of eastern 
Romania where the estimated prevalence of eight Borre-
lia species was very similar between adults and nymphs. 
Similar results have been already confirmed for I. ricinus 
[61] over a three-year survey in a peri-urban forest in the 
south of Paris, France. Strnad et al. [49] reported that the 
overall prevalence of B. burgdorferi (s.l.) in adult ticks was 
higher than in nymphs and among adults, prevalence was 
higher in females than in males. This last result matches 
our recent observations where we evaluated the presence 
of pathogens in SG and MG in both I. ricinus males and 
females, and detected B. lusitaniae, B. spielmanii and B. 
garinii only in females [22]. In Switzerland, B. valaisiana 
and B. spielmanii had significantly lower prevalence in I. 
ricinus males than in females [1]. In another study, it has 
been demonstrated that bunyaviruses are widely distrib-
uted and abundant in both Ixodes scapularis males and 
females [55]. While mean prevalence for one or several 
pathogens are commonly estimated “in toto”, these con-
trasting results raise the importance of analyzing the 
tick stages separately, calculating the prevalence for each 
stage. Examination of all potential ways of pathogen 
maintenance and transmission throughout the vector-
pathogen life-cycle will help to understand the epidemi-
ology of tick-borne pathogens [62].
Tick activity, metabolism and physiological functions 
are likely to vary between tick stages. Because tick endo-
symbionts are likely to have a crucial role on nutrition, 
fitness, development, reproduction, defence against 
environmental stress, and immunity in the tick life-cycle 
[42], it could be easily hypothesized that passing through 
stages could potentially influence the tick microbiome. 
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As previously mentioned [44], it is highly conceivable 
that the maternal microbiota might serve as the first 
inoculum in eggs and larvae. It is necessary to consider 
the probable role of the environment in the acquisition of 
the first microbiota because these ticks hatched in a ster-
ile environment [56]. It seems that the microbiome might 
then change according to the different stages and the tick 
sex. For “generalist” ticks, feeding on a large number of 
vertebrates, the most obvious hypothesis to explain dif-
ferences in the microbiomes between tick stages would be 
that the host blood meal would have a strong impact on 
microbiome species richness and composition, as already 
observed on I. pacificus [45]. However, other studies have 
not found correlations with host blood [63, 64] even if 
authors suggested that the very high proportion of tick-
specific endosymbionts might mask the effects of the 
blood of vertebrate hosts [63]. More investigations are 
thus necessary to clarify this point. Studies about differ-
ent tick species pointed out that the taxonomic diversity 
indices of the microbiome estimated for males were sig-
nificantly higher than those estimated for females [34, 65, 
66]. As suggested in these studies, microbiome in females 
was probably less diverse because they had higher rela-
tive burdens of Rickettsia and a highly dominant endos-
ymbiont. In the same way the microbiome of I. pacificus 
across life stages shows a decrease in both species rich-
ness and evenness as the tick matures from larva to adult 
[67]. Please note that for most of these studies, no con-
trols have been performed to remove potential contami-
nants. The hypothesis that these studies may have been 
biased by detecting contaminant bacteria, coming from 
both extraction and amplification steps should thus not 
be ruled out [68]. In any case, studies recurrently support 
the differences of the tick microbiota according to tick 
life stages [63, 65, 66, 69, 70].
For ticks collected in the same area, variations in 
microbial community composition between stages is 
likely to be shaped by stage-specific endosymbionts. 
Females of R. sanguineus (s.l.) collected in different 
regions in France had a microbial community dominated 
by Rickettsia or Coxiella while these symbionts were 
rarely detected in nymphs or males [69]. Similar results 
were observed for I. scapularis [66]. Midichloria mito-
chondrii is detected in many tick species [71] and shows 
nearly 100% prevalence in females of I. ricinus while it is 
much less prevalent, even absent, in males [72, 73]. This 
kind of information is crucial as recent studies suggest 
that the presence of M. mitochondrii could influence the 
growth of the spotted fever group rickettsial agent, Rick-
ettsia parkeri, in the tick Amblyomma maculatum [43]. 
The presence of certain endosymbionts could otherwise 
influence the development of ticks and this role should 
be investigated in the near future. Arsenophonus spp., 
which are symbionts detected in several tick species [74–
76] are indeed known to be responsible for sex-ratio dis-
tortion in arthropods, and some studies suggest that they 
can affect host-seeking success by decreasing tick motil-
ity in A. americanum and D. variabilis [77]. However, it 
is necessary to remain cautious about the role of Arseno-
phonus spp. as tick symbionts since it has been suggested 
[78] that Arsenophonus nasoniae in ticks may not origi-
nate directly from a tick but from its parasitizing wasps, 
Ixodiphagus hookeri. Similarly, some Spiroplasma spp. 
already detected in Ixodes spp. such as Spiroplasma ixo-
detis [79] are known to cause sex-ratio distortion in some 
insect species via male killing [80]. The role of all these 
endosymbionts still remains unclear in ticks and have to 
be investigated. Considering the very variable prevalence 
of M. mitochondrii in females or males of ticks, could its 
presence/absence in nymphs influence the future male 
and female differentiation? While we know that endos-
ymbionts could supply benefits to ticks with a potential 
role in tick development, reproduction, moult or patho-
gen acquisition and transmission, the question is “which 
taxa are doing what”. Investigating different life stages 
and sexes could help to answer and infer these roles.
This first part demonstrated how much it is crucial to 
consider the different tick scale in tick microbial com-
munity studies to increase our current understanding of 
tick microbe dynamics and ecology. Both diversity and 
composition of tick microbial communities are highly 
variable and environmental constraints might be key 
drivers of their structure. A better control of ticks and 
TBPs especially requires answering what external factors 
shape the tick microbial communities. For that, studies 
should not be restricted to report a list of bacterial taxa 
but investigate tick microbial communities in a more 
ecological context considering both the spatial and tem-
poral dynamics of these communities.
The need to consider both spatial and temporal 
scales
Temporal scales
Do transmission cycles of tick‑borne pathogens have 
a temporal scale?
The span of the life-cycle of a tick is highly variable, with 
the exception of the one-host ticks (i.e. some species of 
the genus Rhipicephalus) or the genus Otobius (Fig.  2). 
Most ticks quest or ambush for substantial amount of 
time before finding an adequate host. Also, tempera-
ture and diapause play a pivotal role in the duration of 
the moulting and questing periods [81]. All these factors 
deeply affect the total duration of one generation of a spe-
cies of tick. For example, the life-cycle of I. ricinus may 
last for 2–3 years in its distribution range [82] or up to 5 
years in colder regions. Similar values have been reported 
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for the closely related species I. scapularis and I. persul-
catus [83]. This variability in the tick life-cycle results in a 
variable length of contacts among ticks and the reservoirs 
of pathogens or even a possible lack of overlap accord-
ing to the seasonality of both the tick and vertebrate 
populations. Since the ticks may overwinter, resuming 
the questing activity the following spring, the same gen-
eration could potentially feed upon different generations 
of hosts, resulting in a kind of looping cycle re-infecting 
hosts that are newly incorporated to the populations of 
reservoirs. In the same way, hosts surviving the winter 
may infect a population of ticks with “new” pathogens, 
resulting in variable prevalence rates and co-infections 
patterns. However, these cycles of transmission in time 
have not yet been studied in detail with the exception of 
local studies, focused on certain associations of ticks and 
vertebrates. We hypothesize that such turnover between 
hosts and tick populations may potentially lead to a large 
variability of the tick microbiome, resulting in variable 
associations ticks-microbe in short periods of time.
An interesting pattern of longevity and therefore of 
the long persistence of pathogens in the habitat is that 
of ticks of the family Argasidae. Most species have long-
lasting generations, even if they feed only for some min-
utes, as a consequence of their particular habitat inside 
the shelter of a small vertebrate (i.e. Rodentia or Sori-
comorpha). Some species of the genus Ornithodoros 
(Argasidae) may have as many as 9 nymphal stages and 
Fig. 2 The time scale may affect the composition of tick microbiome. The illustration schematically represents the seasonal and inter‑year variations 
of a hypothetical population of ticks. The different stages of a tick species have different inter‑year densities and a variable seasonality in the same 
territory that is mainly caused by climate factors. The three stages of the tick may coexist at the same time and at the same habitat patch, and 
their dynamics (as lines in the figure) may differ from year to year. According to the moment of the year and the host availability, ticks can exploit 
different species of hosts, resulting in an “exchange” of bacteria obtained from blood meal that may be incorporated into the gut microbiome of 
the ticks. While immature stages may feed on small vertebrates, large ungulates can also support large numbers of immatures and adults. This 
adds variability to the microbiome because the seasonality is different each year. Climate shapes these patterns and host availability is different at 
different moments of the year. The X‑axis represents three years and the Y‑axis indicates tick density (hypothetical values). Silhouettes of vertebrates 
and ticks are merely illustrative and do not represent a specific vertebrate or tick stage
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each one can live for a variable period. Commonly this 
period ranges between 6–9 years [84, 85], a trait that 
strongly depends on the availability of hosts in the shelter 
in steppe or desert areas in which hosts density is very 
low [86]. Therefore, these ticks could be infected by dif-
ferent microbes carried by consecutive generations of 
reservoirs. Our hypothesis is that this longevity associ-
ated with different generations of hosts would result in 
complex patterns of bacterial co-existence in the other-
wise very spatially restricted population of ticks. These 
spatial restrictions derive from the nidicolous life-style 
of the Ornithodoros ticks driven by the patchy nature of 
the natural territory of their rodent or bird hosts. Since 
these ticks feed for a short time, while hosts are resting in 
the burrow, the probabilities of exchange of populations 
are low. This would most probably give rise to a changing 
pattern of microbial prevalence rates, not only spatially, 
but over time, an extreme that has never been addressed.
Regarding other better studied ticks, like species of the 
genus Ixodes, it is necessary to capture the life span of the 
many reservoirs of the circulated pathogens. While the 
life span of rodents or soricomorphs is typically short, 
birds can live for several years, the life span commonly 
being in a direct relationship with size. Carnivores and 
large ungulates tend to live at least one decade. This pro-
vides a particularly puzzling background over which the 
tick generations interact with infected vertebrates having 
different life spans. If a vertebrate can live longer, it has 
larger probabilities to be bitten by ticks. The background 
of this patchy transmission pattern in time reveals pro-
found differences between some pathogens, like Ana-
plasma phagocytophilum, that can be reservoired by 
large ungulates, or Borrelia spp., that are commonly cir-
culated by small mammals and birds. For Borrelia spp., 
the ability of using many species of animals with different 
life spans seems to be an optimal strategy to infect multi-
ple generations of ticks, irrespective of their stage. Since 
several vertebrates are involved in the circulation of the 
pathogen [87], the three-host ticks, like I. ricinus, I. per-
sulcatus or I. scapularis, can be infected at any stage of 
their life-cycle. The attachment of A. phagocytophilum to 
such large variety of hosts ensures that the pathogen can 
circulate through short duration cycles (in rodents-ticks) 
while the large ungulates support a long-lasting cycle. 
These short-term transmission cycles could deeply oper-
ate on the speciation and segregation processes of strains 
of pathogens like A. phagocytophilum, giving phenotypic 
flexibility to the populations of the pathogen while the 
long-term transmission cycle (supported by large ungu-
lates in this pathogen) would allow the persistence of a 
long-standing genetic background, ensuring the durabil-
ity of its “basic genetic traits”. On the other hand, patho-
gens like Borrelia spp. have also different time windows 
of transmission along the seasonal activity of both small 
mammals and birds. Summarizing this view, the annual 
pattern of activity of both ticks and reservoirs of patho-
gens, may lead to unsuspected patterns of variability in 
the tick microbiome (or pathobiome) because of loops 
of short- and long-term transmission cycles, depending 
upon the expected survival age of the reservoir.
Is the temporal scale crucial to study the tick microbiome?
As previously mentioned, over their life-cycle, ticks are 
likely to experience the influence of the temporal vari-
ation of multiple factors such as temperature, hydric 
stress and diapause. All these factors are known to prob-
ably influence tick activity and metabolism and might 
potentially affect their microbiome [70]. While studies 
on tick microbial community diversity, composition and 
role have considerably increased in the past years, many 
questions arise about the temporal dynamics of the tick 
microbiome. Do the tick microbial diversity and com-
position depend on the temporal scale? Is the temporal 
scale (season, multi-year surveys) crucial to study the tick 
microbiome to allow acquisition of more information 
about tick microbiome? These questions are particularly 
relevant because some tick symbionts are involved in the 
tick activity and metabolism [41] and in the tick-borne 
pathogen acquisition and transmission [43, 45]. Are these 
functions constant all over the tick lifetime making endo-
symbiotic presence constant as well, or are bacterial com-
munities of a dynamic nature? Moreover, as observed 
for mosquitoes [88], blood ingested by ticks is rich in 
proteins and lipids and probably digested by gut micro-
bial communities. While blood meals represent a short 
part of the tick life-cycle, what is the temporal dynam-
ics of these microbes? Do their relative composition and 
abundance change during the questing period? Are they 
replaced by other microbial communities involved in 
other metabolic functions? Unfortunately, it is premature 
to answer categorically all these questions due to the lim-
ited information available about the temporal dynamics 
of the tick microbiome. To the best of our knowledge, 
only Lalzar et al. [89] conducted a brief temporal survey 
on tick microbes collecting weekly two Rhipicephalus 
tick species from March to July in Israel. They showed 
that the bacterial community structure of Rh. turanicus 
was characterized by high dominance of Coxiella and 
Rickettsia and exhibited extremely low taxonomic diver-
sity. Coxiella spp. densities were overall stable through-
out the questing season while Rickettsia spp. significantly 
declined toward the end of the questing season.
The variability in the tick life-cycle and particularly 
the moment of the questing activity, the blood meal, the 
moult or the egg-laying, is affected by different factors: 
the density and type of hosts, and environmental factors 
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such as temperature and hygrometry. All these factors 
vary through the seasons and ticks have to regularly face 
up to these variations. Moreover, while it is now well 
admitted that the pathogen dynamics in ticks is highly 
variable throughout the year with a contrasting seasonal 
prevalence [18, 21, 31, 90–92]), no long term studies are 
available to identify potential seasonal or annual patterns 
in tick microbiome and evaluate the impact of all these 
factors on microbial communities. It is crucial to fill the 
gap of knowledge about the temporal dynamics of the 
tick microbiome. These data would illustrate the tempo-
ral patterns in tick microbial community diversity and 
composition, and the potential redundancy of these pat-
terns from one year to another.
Spatial scales
What is the spatial scale of a tick and the associated 
pathogens?
It has been repeatedly reported [93, 94] that ticks inter-
act with their hosts at critical scales of the landscape. 
It is believed that ticks and hosts overlap in portions of 
the environmental niche that drive the rates of contact 
among the ticks and the adequate reservoirs for TBPs. 
Therefore, the effects at the local scale of a tick popula-
tion are observed at the patch where these organisms co-
exist. Ticks depend on the movements of vertebrates (i.e. 
birds or ungulates) to be able to prevail as a meta-popu-
lation. These hosts move and spread ticks in a gradient 
along the patches of the habitat [95, 96]. It is important to 
realize that the structure of the habitat and the corridors 
of connectivity among the patches of the landscape are 
recognized as important features driving the survival of 
ticks as permanent populations at a site (Fig. 3).
The effects of the structure of the landscape on the 
presence/absence or the density of ticks are of particular 
importance in outlining the prevalence of TBPs in ticks 
[97]. Not only the different combination of vegetation 
categories outline the density of prominent reservoirs, 
but also the connectivity among the patches of landscape 
is an important trait [98]. Connectivity explains the effect 
of the spatial composition of suitable patches of vegeta-
tion that delineates a matrix of connections among these 
patches. These corridors explain the routes that mam-
mals and birds use to move across the matrix of suitable 
and unsuitable habitat [99]. Therefore, a specific type 
of vegetation may be suitable for a high abundance of a 
given reservoir, therefore feeding ticks that could result 
infected with TBPs carried out by such reservoir [100]. 
However, the movements of the reservoirs across the 
matrix of the landscape patches could explain the vari-
able rates, at the micro-spatial scale, of the prevalence 
of pathogens. Some habitats are prone to sustain dif-
ferent combinations of reservoir host (in both presence 
and density) and therefore this is reflected at the bacte-
rial prevalence in the tick. In sites in which a prominent 
reservoir may be less abundant, a combination of other 
vertebrates could keep prevalence at comparable levels. 
This is the main new paradigm that has evolved from sev-
eral field studies on TBPs [101–104]. The specific density 
of different vertebrates with a variable reservoir ability 
shape the prevalence of TBPs at small scales [105]. Even 
without the existence of geographical barriers (like a river 
or a hill that could prevent the spread of terrestrial ver-
tebrates), the prevalence is very local in nature [106] and 
tends to distort the results about microbiome/pathobi-
ome when explored at larger scales.
Studies from field surveys allowed the emergence of a 
paradigm for understanding the spatial scale of the tick 
pathobiome: the macro-climate regulates a continental 
pattern of contact rates among ticks, hosts and reser-
voirs that may be adequately quantified [107, 108], while 
micro-climate and the structure of the landscape shape 
such contact rates along peculiar patterns. These state-
ments introduce another important concept: do dif-
ferent TBPs have contrasting critical spatial scales of 
persistence? How are pathogens affected by the local 
structure of the landscape, the resulting micro-climate 
and the movements of hosts? While studies exist about 
the importance of special configurations of the landscape 
on the movements of vertebrates, terrestrial animals and 
birds, no studies demonstrating how these movements 
alter the local prevalence of pathogens in ticks seem to 
exist. For example, it could be possible that the spatial 
scale of B. garinii (reservoired by birds) is larger than 
that of B. afzelii (reservoired by small mammals) since 
the movements of the former are less affected by local 
landscape structures. However, it is difficult to disentan-
gle the movements of i.e. birds in different seasons of the 
year, carrying different stages of ticks, and spreading at 
different rates through the matrix of suitable habitat. We 
envisage a fruitful field of study in the understanding of 
these movements and their effects on the local composi-
tion of the tick pathobiome.
Is the spatial scale necessary to efficiently study the tick 
microbiome?
As previously mentioned, the concept of spatial scale is 
likely to be highly linked to environmental niche (land-
scape topography, climatic factors, vegetation) in which 
ticks and hosts evolve. Is the tick microbial diversity and 
composition influenced by spatial scale? Which spatial 
scale is the best investigation of the tick microbiome? 
Field studies have shown the strong influence of bio-
geography at large scales (states or regions) on the tick 
microbiome structure and composition on different tick 
species, I. scapularis [66], I. ricinus [109–111] and A. 
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americanum [112]. For the same tick species, noting vari-
ations in tick microbiome composition and diversity at 
large spatial scales (between ticks collected from differ-
ent states or regions) could not be so surprising due to 
the high variations in climatic factors and environmen-
tal niche. Contrasting results were recently observed as 
Clow et al. [37] have shown the lack of significant differ-
ences in the relative abundances of microbial communi-
ties of ticks collected in distant locations (east vs south) 
in Canada. However, these observations were made on 
relatively small sample sizes.
While contrasting biogeographical patterns were 
thus generally observed at large scale, more questions 
are emerging about tick microbial communities at finer 
scales. Do tick microbial communities have a “small” 
(local) spatial scale? Are tick microbial communities 
influenced by different local structures of the land-
scape, the local vegetation and the movements of hosts? 
We recently performed a study with the aim to build a 
network-based framework for analyzing co-occurrence 
patterns of microorganisms in I. ricinus ticks and one 
of its main hosts, the vole Myodes glareolus collected 
in two close but different ecosystems, Forests vs Eco-
tones (i.e. the edge networks within open grasslands) 
[46]. Results revealed that the microbiome of I. ricinus 
varied between ticks collected in forests and those col-
lected in ecotones and that the local biotope could play 
an important role in shaping the bacterial communities 
a
b
Fig. 3 The spatial scale as driver of variability in the tick microbiome. a The connectivity patterns of the landscape drive the presence/absence 
of some key hosts and exchange of animals among patches, shaping a variable host composition in each patch. Some patches may be highly 
connected (wide arrows) while others are poorly connected, blocking the movements of vertebrates. This adds a spatial component to the 
composition and the variability of the tick microbiome. b The vegetal composition of the habitat may differ and modulate the microclimate, 
shaping tick density. The figure intends to show a gradient of biomes, in which hosts may be abundant or scarce, or even absent. Ticks also have 
different survival and questing rates at the small scale of the habitat patch. Such intra‑patch spatial diversity shapes an extra variability of the tick 
microbiome
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of ticks. From these studies, it appears obvious to con-
clude that the spatial scales (from the largest to the 
most local scales) at which tick microbes are studied 
generally affect the tick microbiome diversity and com-
position. Biogeographical aspects, especially environ-
mental niche should be even more considered in future 
tick microbial community studies to better identify fac-
tors that shape tick microbial communities and tick-
borne pathogens. Combining studies at both large and 
local spatial scales would allow identifying the maxi-
mum of factors influencing tick microbial communities 
and include them in future predictive models to better 
understand tick microbe ecology.
Conclusions
The story scientists are reporting makes sense only if the 
story is considered in a context. Moreover, this story can 
be understood by the reader only in the context in which 
the story is related. Based on examples from the previ-
ous research, we tried to show how much the concept of 
scale and the ecological context are crucial in studying 
tick microbial communities: first, to improve our knowl-
edge on tick microbe ecology and secondly to facilitate 
successful strategies to control tick-borne diseases. All 
findings presented in this review clearly show contrasting 
and informative results according the tick stages and ana-
tomical structures or the spatio-temporal context. This 
highlights the importance of considering all these differ-
ent scales to study tick microbial communities and rep-
resents another step towards improved understanding of 
TBP transmission and tick microbe ecology. Listing and 
providing prevalence data of tick microbes has been an 
important step towards identifying pathogens transmit-
ted by ticks and understanding the microbial complex-
ity associated with ticks. All these data are essential but 
without considering scales and the environmental con-
text in which ticks evolve, their use to better understand 
ticks and tick-borne diseases remains limited. Some 
important key points: (i) Patterns we observe depend on 
the scale at which they are studied; (ii) How organisms 
interact with the environment depends on the scale at 
which this interaction is studied; (iii) Because most pro-
cesses are scale-dependent, we have to explicitly consider 
the scale in study design; (iv) Identifying a maximum 
of environmental factors potentially influencing tick 
microbes requires combining multiscale studies.
Abbreviations
TBPs: tick‑borne pathogens; s.l.: sensu lato; MG: midgut; SG: salivary glands.
Acknowledgements
The authors would like to thank the reviewers for having taken time to read 
our manuscript and for their positive and helpful comments.
Authors’ contributions
Conceived the project: TP. Designed and wrote the paper: TP, AEP, HS, EL, AK, 
SM, JFC and MVT. All authors read and approved the final manuscript.
Funding
The present project was funded by the metaprogramme “Metaomics and 
microbial ecosystems” (MEM) and the Animal Health Department of the 
French National Institute for Agricultural Research (France).
Availability of data and materials
The datasets used and/or analysed during the present study are available from 
the corresponding author upon reasonable request.





The authors declare that they have no competing interests.
Author details
1 UMR BIPAR, Animal Health Laboratory, INRAE, ANSES, Ecole Nationale Vétéri‑
naire d’Alfort, Université Paris‑Est, Maisons‑Alfort, France. 2 Centre for Infectious 
Disease Control, National Institute for Public Health and the Environment, 
Bilthoven, The Netherlands. 3 INRAE, Animal Health Department, Nouzilly, 
France. 4 Faculty of Veterinary Medicine, University of Zaragoza, Zaragoza, 
Spain. 5 Laboratory of Entomology, Wageningen University and Research 
Centre, Wageningen, The Netherlands. 
Received: 16 September 2019   Accepted: 15 January 2020
References
 1. Gern L, Douet V, Lopez Z, Rais O, Moran Cadenas F. Diversity of Borrelia 
genospecies in Ixodes ricinus ticks in a Lyme borreliosis endemic area 
in Switzerland identified by using new probes for reverse line blotting. 
Ticks Tick Borne Dis. 2010;1:23–9.
 2. Halos L, Bord S, Cotte V, Gasqui P, Abrial D, Barnouin J, et al. Ecological 
factors characterizing the prevalence of bacterial tick‑borne pathogens 
in Ixodes ricinus ticks in pastures and woodlands. Appl Environ Micro‑
biol. 2010;76:4413–20.
 3. Satta G, Chisu V, Cabras P, Fois F, Masala G. Pathogens and symbionts in 
ticks: a survey on tick species distribution and presence of tick transmit‑
ted micro‑organisms in Sardinia, Italy. J Med Microbiol. 2011;60:63–8.
 4. Reye AL, Stegniy V, Mishaeva NP, Velhin S, Hübschen JM, Ignatyev G, 
et al. Prevalence of tick‑borne pathogens in Ixodes ricinus and Derma-
centor reticulatus ticks from different geographical locations in Belarus. 
PLoS ONE. 2013;8:e54476.
 5. Vayssier‑Taussat M, Moutailler S, Michelet L, Devillers E, Bonnet S, Cheval 
J, et al. Next generation sequencing uncovers unexpected bacterial 
pathogens in ticks in western Europe. PLoS ONE. 2013;8:e81439.
 6. Rizzoli A, Silaghi C, Obiegala A, Rudolf I, Hubalek Z, Foldvari G, et al. 
Ixodes ricinus and its transmitted pathogens in urban and peri‑urban 
areas in Europe: new hazards and relevance for public health. Front 
Public Health. 2014;2:251.
 7. Paul REL, Cote M, Le Naour E, Bonnet SI. Environmental factors influenc‑
ing tick densities over seven years in a French suburban forest. Parasit 
Vectors. 2016;9:309.
 8. Moutailler S, Moro CV, Vaumourin E, Michelet L, Tran FH, Devillers E, 
et al. Co‑infection of ticks: the rule rather than the exception. PLoS Negl 
Trop Dis. 2016;10:e0004539.
 9. Bonnet S, Paul REL, Bischoff E, Cote M, Le Naour E. First identification 
of Rickettsia helvetica in questing ticks from a French Northern Brittany 
Forest. PLoS Negl Trop Dis. 2017;11:e0005416.
 10. Diaz P, Arnal JL, Remesar S, Perez‑Creo A, Venzal JM, Vasquez‑Lopez ME. 
Molecular identification of Borrelia spirochetes in questing Ixodes ricinus 
from northwestern Spain. Parasit Vectors. 2017;10:615.
Page 11 of 13Pollet et al. Parasites Vectors           (2020) 13:36 
 11. Aivelo T, Norberg A, Tschirren B. Bacterial microbiota composition of 
Ixodes ricinus ticks: the role of environmental variation, tick charac‑
teristics and microbial interactions. PeerJ. 2019;7:e8217. https ://doi.
org/10.7717/peerj .8217.
 12. Raileanu C, Moutailler S, Pavel I, Porea D, Mihalca AD, Savuta G, et al. 
Borrelia diversity and co‑infection with other tick borne pathogens in 
ticks. Front Cell Infect Microbiol. 2017;7:36.
 13. Schotta AM, Wijnveld M, Stockinger H, Stanek G. Approaches for reverse 
line blot‑based detection of microbial pathogens in Ixodes ricinus ticks 
collected in Austria and impact of the chosen method. Appl Environ 
Microbiol. 2017;83:e00489‑17.
 14. Szekeres S, Lugner J, Fingerle V, Margos G, Foldvari G. Prevalence of 
Borrelia miyamotoi and Borrelia burgdorferi sensu lato in questing ticks 
from a recreational coniferous forest of East Saxony, Germany. Ticks Tick 
Borne Dis. 2017;8:922–7.
 15. Karim S, Budachetri K, Mukherjee N, Williams J, Kausar A, Hassan MJ, 
et al. A study of ticks and tick‑borne livestock pathogens in Pakistan. 
PLoS Negl Trop Dis. 2017;11:e0005681.
 16. Matei IA, Kalmár Z, Lupşe M, D’Amico G, Ionică AM, Dumitrache MO, 
et al. The risk of exposure to rickettsial infections and human granulo‑
cytic anaplasmosis associated with Ixodes ricinus tick bites in humans in 
Romania: a multiannual study. Ticks Tick Borne Dis. 2017;8:375–8.
 17. Wagemakers A, Jahfari S, de Wever B, Spanjaard L, Starink MV, de Vries 
HJC, et al. Borrelia miyamotoi in vectors and hosts in The Netherlands. 
Ticks Tick Borne Dis. 2017;8:370–4.
 18. Chvostáč M, Špitalská E, Václav R, Vaculová T, Minichová L, Derdáková M. 
Seasonal patterns in the prevalence and diversity of tick‑borne Borrelia 
burgdorferi sensu lato, Anaplasma phagocytophilum and Rickettsia spp. 
in an urban temperate forest in south western Slovakia. Int J Environ 
Res Public Health. 2018;15:994.
 19. Ravagnan S, Tomassone L, Montarsi F, Krawczyk AI, Mastrorilli E, Sprong 
H, et al. First detection of Borrelia miyamotoi in Ixodes ricinus ticks from 
northern Italy. Parasit Vectors. 2018;11:130.
 20. Gondard M, Delannoy S, Pinarello V, Aprelon R, Devillers E, Galon C, et al. 
Upscaling surveillance of tick‑borne pathogens in the French Carib‑
bean islands. BioRxiv. 2019. https ://doi.org/10.1101/53245 7.
 21. Lejal E, Marsot M, Chalvet‑Monfray K, Cosson JF, Moutailler S, Vayssier‑
Taussat M, et al. A three‑years assessment of Ixodes ricinus‑borne 
pathogens in a French peri‑urban forest. Parasit Vectors. 2019;12:551.
 22. Lejal E, Moutailler S, Simo L, Vayssier‑Taussat M, Pollet T. Tick‑borne 
pathogen detection in midgut and salivary glands of adult Ixodes 
ricinus. Parasit Vectors. 2019;12:152.
 23. Sprong H, Fonville M, van Leeuwen AD, Devillers E, Justicia AI, Stroo A, 
et al. Detection of pathogens in Dermacentor reticulatus in north‑
western Europe: evaluation of a high throughput array. Heliyon. 
2019;5:e01270.
 24. Fritzen CM, Huang J, Westby K, Freye JD, Dunlap B, Yabsley MJ, et al. 
Infection prevalences of common tick‑borne pathogens in adult lone 
star ticks (Amblyomma americanum) and American dog ticks (Derma-
centor variabilis) in Kentucky. Am J Trop Med Hyg. 2011;85:718–23.
 25. Bonnet S, de la Fuente J, Nicollet P, Liu X, Madani N, Blanchard B, 
et al. Prevalence of tick‑borne pathogens in adult Dermacentor spp. 
Ticks from nine collection sites in France. Vector Borne Zoonotic Dis. 
2013;13:226–36.
 26. Mays SE, Houston AE, Trout Fryxell RT. Specifying pathogen associations 
of Amblyomma maculatum (Acari: Ixodidae) in western Tennessee. J 
Med Entomol. 2016;53:435–40.
 27. Johnson TL, Graham CB, Boegler KA, Cherry CC, Maes SE, Pilgard MA, 
et al. Prevalence and diversity of tick‑borne pathogens in nymphal 
Ixodes scapularis (Acari: Ixodidae) in eastern national parks. J Med Ento‑
mol. 2017;54:742–51.
 28. Zajac V, Wojcik‑Fatla A, Sawczyn A, Cisak E, Sroka J, Kloc A, et al. Preva‑
lence of infections with 6 pathogens in Dermacentor reticulatus ticks 
collected in eastern Poland. Ann Agric Environ Med. 2017;24:26–32.
 29. Eisen L. Pathogen transmission in relation to duration of attachment by 
Ixodes scapularis ticks. Ticks Tick Borne Dis. 2018;9:535–42.
 30. Galay RL, Manalo AAL, Dolores SLD, Aguilar IPM, Sandalo KAC, Cruz KB, 
et al. Molecular detection of tick‑borne pathogens in canine population 
and Rhipicephalus sanguineus (sensu lato) ticks from southern Metro 
Manila and Laguna, Philippines. Parasit Vectors. 2018;11:643.
 31. Coipan EC, Jahfari S, Fonville M, Maassen C, van der Giessen J, Takken 
W, et al. Spatiotemporal dynamics of emerging pathogens in questing 
Ixodes ricinus. Front Cell Infect Microbiol. 2013;3:36.
 32. Vayssier‑Taussat M, Albina E, Citti C, Cosson JF, Jacques MA, Lebrun MH, 
et al. Shifting the paradigm from pathogens to pathobiome: new con‑
cepts in the light of meta‑omics. Front Cell Infect Microbiol. 2014;4:29.
 33. Budachetri K, Gaillard D, Williams J, Mukherjee N, Karim SA. Snapshot of 
the microbiome of Amblyomma tuberculatum ticks infesting the gopher 
tortoise, an endangered species. Ticks Tick Borne Dis. 2016;7:1225–9.
 34. Zolnik CP, Prill RJ, Falco RC, Daniels TJ, Kolokotronis S‑O. Microbiome 
changes through ontogeny of a tick pathogen vector. Mol Ecol. 
2016;25:4963–77.
 35. Azagi T, Klement E, Perlman G, Lustig Y, Mumcuoglu KY, Apanask‑
evich DA, et al. Francisella‑like endosymbionts and Rickettsia species 
in local and imported Hyalomma ticks. Appl Environ Microbiol. 
2017;83:e01302–17.
 36. Tekin S, Dowd SE, Davinic M, Bursali A, Keskin A. Pyrosequencing based 
assessment of bacterial diversity in Turkish Rhipicephalus annulatus 
and Dermacentor marginatus ticks (Acari: Ixodidae). J Parasitol Res. 
2017;116:1055–61.
 37. Clow KM, Weese JS, Rousseau J, Jardine CM. Microbiota of field‑
collected Ixodes scapularis and Dermacentor variabilis from eastern and 
southern Ontario, Canada. Ticks Tick Borne Dis. 2018;9:235–44.
 38. Zhang XC, Yang ZN, Lua B, Ma XF, Zhang CX, Xu HJ. The composition 
and transmission of microbiome in hard tick, Ixodes persulcatus, during 
blood meal. Ticks Tick Borne Dis. 2014;5:864–70.
 39. Cabezas‑Cruz A, Pollet T, Estrada‑Peña A, Allain E, Bonnet SI, Moutailler 
S. Handling the microbial complexity associated to ticks. In: Abubakar 
DM, editor. Ticks and tick‑borne pathogens. London: IntechOpen; 2018. 
p. 1–36.
 40. Duron O, Cremaschi J, McCoy K. The high diversity and global distribu‑
tion of the intracellular bacterium Rickettsiella in the polar seabird tick 
Ixodes uriae. Microb Ecol. 2016;71:761–70.
 41. Duron O, Morel O, Noel V, Buysse M, Binetruy F, Lancelot R, et al. Tick‑
bacteria mutualism depends on B vitamin synthesis pathways. Curr Biol. 
2018;28:1–7.
 42. Bonnet SI, Binetruy F, Hernandez‑Jarguin AM, Duron O. The tick microbi‑
ome: why non‑pathogenic microorganisms matter in tick biology and 
pathogen transmission. Front Cell Infect Microbiol. 2017;7:236.
 43. Budachetri K, Kumar D, Crispell G, Beck C, Dasch G, Karim S. The tick 
endosymbiont Candidatus Midichloria mitochondrii and selenoproteins 
are essential for the growth of Rickettsia parkeri in the Gulf Coast tick 
vector. Microbiome. 2018;6:141.
 44. Narasimhan S, Fikrig E. Tick microbiome: the force within. Trends Parasi‑
tol. 2015;31:315–23.
 45. Swei A, Kwan JY. Tick microbiome and pathogen acquisition altered by 
host blood meal. ISME J. 2016;11:813–6.
 46. Estrada‑Peña A, Cabezas‑Cruz A, Pollet T, Vayssier‑Taussat M, Cosson JF. 
High throughput sequencing and network analysis disentangle the 
microbial communities of ticks and hosts within and between ecosys‑
tems. Front Cell Infect Microbiol. 2018;8:236.
 47. Alberdi MP, Walker AR, Paxton EA, Sumption KJ. Natural prevalence of 
infection with Ehrlichia phagocytophila of Ixodes ricinus ticks in Scotland. 
Vet Parasitol. 1998;78:203–13.
 48. Pospisilova T, Urbanova V, Hes O, Kopacek P, Hajdusek O, Sima R. Track‑
ing of Borrelia afzelii transmission from infected Ixodes ricinus nymphs to 
mice. Infect Immun. 2019;87:e00896‑18.
 49. Strnad M, Hönig V, Růžek D, Grubhoffer L, Rego ROM. Europe‑wide 
meta‑analysis of Borrelia burgdorferi sensu lato prevalence in questing 
Ixodes ricinus ticks. Appl Environ Microbiol. 2017;83:e00609–17.
 50. Sertour N, Cotté V, Garnier M, Malandrin L, Ferquel E, Choumet V. Infec‑
tion kinetics and tropism of Borrelia burgdorferi sensu lato in mouse after 
natural (via ticks) or artificial (needle) infection depends on the bacterial 
strain. Front Microbiol. 2018;9:1722.
 51. Mariconti M, Epis S, Gaibani P, Dalla Valle C, Sassera D, Tomao P, et al. 
Humans parasitized by the hard tick Ixodes ricinus are seropositive 
to Midichloria mitochondrii: is Midichloria a novel pathogen, or just a 
marker of tick bite? Pathog Glob Health. 2012;106:391–6.
 52. Di Venere M, Fumagalli M, Cafiso A, De Marco L, Epis S, Plantard O, 
et al. Ixodes ricinus and its endosymbiont Midichloria mitochondrii: a 
Page 12 of 13Pollet et al. Parasites Vectors           (2020) 13:36 
comparative proteomic analysis of salivary glands and ovaries. PLoS 
ONE. 2015;10:e0138842.
 53. Olivieri E, Epis S, Castelli M, Varotto Boccazzi I, Romeo C, Desiro A, et al. 
Tissue tropism and metabolic pathways of Midichloria mitochondrii sug‑
gest tissue‑specific functions in the symbiosis with Ixodes ricinus. Ticks 
Tick‑Borne Dis. 2019;10:1070–7.
 54. Andreotti R, Pérez de León AA, Dowd SE, Guerrero FD, Bendele KG, 
Scoles GA. Assessment of bacterial diversity in the cattle tick Rhipi-
cephalus (Boophilus) microplus through tag‑encoded pyrosequencing. 
BMC Microbiol. 2011;11:6.
 55. Budachetri K, Browning RE, Adamson SW, Dowd SE, Chao CC, Ching 
WM, et al. An insight into the microbiome of the Amblyomma macula-
tum (Acari: Ixodidae). J Med Entomol. 2014;51:119–29.
 56. Narasimhan S, Rajeevan N, Liu L, Zhao YO, Heisig J, Pan J, et al. Gut 
microbiota of the tick vector Ixodes scapularis modulate colonization of 
the Lyme disease spirochete. Cell Host Microbe. 2014;15:58–71.
 57. Clayton KA, Gall CA, Mason KL, Scoles GA, Brayton KA. The characteri‑
zation and manipulation of the bacterial microbiome of the Rocky 
Mountain wood tick, Dermacentor andersoni. Parasit Vectors. 2015;8:632.
 58. Gall CA, Reif KE, Scoles GA, Mason KL, Mousel M, Noh SM, et al. The bac‑
terial microbiome of Dermacentor andersoni ticks influences pathogen 
susceptibility. ISME J. 2016;10:1846–55.
 59. Ross B, Haye B, Radey MC, Lee X, Josek T, Bjork J, et al. Ixodes 
scapularis does not harbor a stable midgut microbiome. ISME J. 
2018;12:2596–607.
 60. Wang M, Zhu D, Dai J, Zhong Z, Zhang Y, Wang J. Tissue localization and 
variation of major symbionts in Haemaphysalis longicornis, Rhipicepha-
lus haemaphysaloides, and Dermacentor silvarum in China. Appl Environ 
Microbiol. 2018;84:1–15.
 61. Marchant A, Coupanec AL, Joly C, Perthame E, Sertour N, Garnier M, 
et al. Infection of Ixodes ricinus by Borrelia burgdorferi sensu lato in peri‑
urban forests of France. PLoS ONE. 2017;12:e0183543.
 62. Sakamoto JM, Fei Fan NGT, Suzuki Y, Tsujimoto H, Deng X, Delwart E, 
et al. Bunyaviruses are common in male and female Ixodes scapularis 
ticks in central Pennsylvania. Peer J. 2016;4:e2324.
 63. Hawlena H, Rynkiewicz E, Toh E, Alfred A, Durden LA, Hastriter MW, 
et al. The arthropod, but not the vertebrate host or its environment, 
dictates bacterial community composition of fleas and ticks. ISME J. 
2013;7:221–3.
 64. Rynkiewicz EC, Hemmerich C, Rusch DB, Fuqua C, Clay K. Concordance 
of bacterial communities of two tick species and blood of their shared 
rodent host. Mol Ecol. 2015;24:2566–79.
 65. Ponnusamy L, Gonzales A, Van Treuren W, Weiss S, Parobek CM, Juliano 
JJ, et al. Diversity of Rickettsiales in the microbiome of the lone star tick, 
Amblyomma americanum. Appl Environ Microbiol. 2014;80:354–9.
 66. Van Treuren W, Ponnusamy L, Brinkerhoff RJ, Gonzalez A, Parobek CM, 
Juliano JJ, et al. Variation in the microbiota of Ixodes ticks with regard to 
geography, species, and sex. Appl Env Microbiol. 2015;81:6200–9.
 67. Kwan JY, Griggs R, Chicana B, Miller C, Swei A. Vertical vs. horizontal 
transmission of the microbiome in a key disease vector, Ixodes pacificus. 
Mol Ecol. 2017;26:6578–89.
 68. Lejal E, Estrada‑Peña A, Cosson JF, Marsot M, Rué O, Midoux C, et al. 
Taxon appearance from extraction and amplification steps demon‑
strates the value of multiple controls in tick microbiome analysis. 
bioRxiv. 2019. https ://doi.org/10.1101/71403 0.
 69. René‑Mertelet M, Minard G, Massot R, Van Tran V, Valiente‑Moro C, 
Chabanne L, et al. Bacterial microbiota associated with Rhipicephalus 
sanguineus (s.l.) ticks from France, Senegal and Arizona. Parasit Vectors. 
2017;10:416.
 70. Thapa S, Zhang Y, Allen MS. Effects of temperature on bacterial 
microbiome composition in Ixodes scapularis ticks. Microbiol Open. 
2019;8:e719.
 71. Cafiso A, Sassera D, Romeo C, Serra V, Hervet C, Bandi C, et al. Midi-
chloria mitochondrii, endosymbiont of Ixodes ricinus: evidence for the 
transmission to the vertebrate host during the tick blood meal. Ticks 
Tick Borne Dis. 2019;10:5–12.
 72. Lo N, Beninati T, Sassera D, Bouman EAP, Santagati S, Gern L, et al. Wide‑
spread distribution and high prevalence of an alpha‑proteobacterial 
symbiont in the tick Ixodes ricinus. Environ Microbiol. 2006;8:1280–7.
 73. Sassera D, Lo N, Bouman EAP, Epis S, Mortarino M, Bandi C. “Candidatus 
Midichloria” endosymbionts bloom after the blood meal of the host, 
the hard tick Ixodes ricinus. Appl Environ Microbiol. 2008;74:6138.
 74. Clay K, Klyachko O, Grindle N, Civitello D, Fuqua C. Microbial communi‑
ties and interactions in the lone star tick, Amblyomma americanum. Mol 
Ecol. 2008;17:4371–81.
 75. Dergoussoff SJ, Chilton NB. Detection of a new Arsenophonus type 
bacterium in Canadian populations of the Rocky Mountain wood tick, 
Dermacentor andersoni. Exp Appl Acarol. 2010;52:85–91.
 76. Reis C, Cote M, Paul REL, Bonnet S. Questing ticks in suburban forest are 
infected by at least six tick‑borne pathogens. Vector Borne Zoonotic 
Dis. 2011;11:907–16.
 77. Kagemann J, Clay K. Effects of infection by Arsenophonus and Rickettsia 
bacteria on the locomotive ability of the ticks Amblyomma ameri-
canum, Dermacentor variabilis, and Ixodes scapularis. J Med Entomol. 
2013;50:155–62.
 78. Bohacsova M, Mediannikov O, Kazimirova M, Raoult D, Sekeyova Z. 
Arsenophonus nasoniae and Rickettsiae infection of Ixodes ricinus due to 
parasitic wasp Ixodiphagus hookeri. PloS ONE. 2016;11:e0149950.
 79. Tully JG, Rose DL, Yunker CE, Carle P, Bové JM, Williamson DL, et al. 
Spiroplasma ixodetis sp. nov., a new species from Ixodes pacificus ticks 
collected in Oregon. Int J Syst Bacteriol. 1995;45:23–8.
 80. Tabata J, Hattori Y, Sakamoto H, Yukuhiro F, Fujii T, Kugimiya S, et al. Male 
killing and incomplete inheritance of a novel Spiroplasma in the moth 
Ostrinia zaguliaevi. Microb Ecol. 2011;61:254–63.
 81. Gray JS, Kahl O, Lane RS, Levin ML, Tsao JI. Diapause in ticks of the 
medically important Ixodes ricinus species complex. Ticks Tick Borne Dis. 
2016;7:992–1003.
 82. Daniel M, Cerný V, Dusbabek F, Honzakova E, Olejnicek J. Influence of 
microclimate on the life cycle of the common tick Ixodes ricinus (L.) 
in an open area in comparison with forest habitats. Folia Parasitol. 
1977;24:149–60.
 83. Troughton DR, Levin ML. Life cycles of seven ixodid tick species (Acari: 
Ixodidae) under standardized laboratory conditions. J Med Entomol. 
2007;44:732–40.
 84. El Shoura SM. The life cycle of Ornithodoros (Pavlovskyella) errati-
cus (Acari: Ixodoidea: Argasidae) in the laboratory. J Med Entomol. 
1987;24:229–34.
 85. Schumaker TTS, Barros DM. Life cycle of Ornithodoros (Alectorobius) 
talaje (Acari: Argasidae) in laboratory. J Med Entomol. 1995;32:249–54.
 86. Vial L, Durand P, Arnathau C, Halos L, Diatta G, Trape JF, et al. Molecular 
divergences of the Ornithodoros sonrai soft tick species, a vector of 
human relapsing fever in West Africa. Microbes Infect. 2006;8:2605–11.
 87. Korenberg EI, Gorelova NB, Kovalevskii YV. Ecology of Borrelia burgdorferi 
sensu lato in Russia. In: Gray J, Kahl O, Lane RS, Stanek G, editors. Lyme 
borreliosis: biology, epidemiology and control. Wallingford: CABI Pub‑
lishing; 2002. p. 175–200.
 88. de Gaio OA, Gusmao DS, Santos AV, Berbert‑Molina MA, Pimenta PFP, 
Lemos FJA. Contribution of midgut bacteria to blood digestion and 
egg production in Aedes aegypti (L.) (Diptera: Culicidae). Parasit Vectors. 
2011;4:105.
 89. Lalzar I, Harrus S, Mumcuoglu KY, Gottlieb Y. Composition and seasonal 
variation of Rhipicephalus turanicus and Rhipicephalus sanguineus bacte‑
rial communities. Appl Env Microbiol. 2012;78:4110–6.
 90. Gassner F, VanVliet AJ, Burgers SL, Jacobs F, Verbaarschot P, Hovius EK, 
et al. Geographic and temporal variations in population dynamics of 
Ixodes ricinus and associated Borrelia infections in The Netherlands. Vec‑
tor Borne Zoonotic Dis. 2011;11:523–32.
 91. Reye AL, Hübschen JM, Sausy A, Muller CP. Prevalence and seasonality 
of tick‑borne pathogens in questing Ixodes ricinus ticks from Luxem‑
bourg. Appl Environ Microbiol. 2010;76:2923–31.
 92. Takken W, van Vliet AJH, Verhulst NO, Jacobs FHH, Gassner F, Hartemink 
N, et al. Acarological risk of Borrelia burgdorferi sensu lato infections 
across space and time in The Netherlands. Vector Borne Zoonotic Dis. 
2016;17:99–107.
 93. Ostfeld RS, Glass GE, Keesing F. Spatial epidemiology: an emerging (or 
re‑emerging) discipline. Trends Ecol Evol. 2005;20:328–36.
 94. Wang HH, Grant WE, Teel PD. Simulation of climate‑host‑parasite‑land‑
scape interactions: a spatially explicit model for ticks (Acari: Ixodidae). 
Ecol Model. 2012;243:42–62.
Page 13 of 13Pollet et al. Parasites Vectors           (2020) 13:36 
•
 
fast, convenient online submission
 •
  
thorough peer review by experienced researchers in your field
• 
 
rapid publication on acceptance
• 
 
support for research data, including large and complex data types
•
  
gold Open Access which fosters wider collaboration and increased citations 
 
maximum visibility for your research: over 100M website views per year •
  At BMC, research is always in progress.
Learn more biomedcentral.com/submissions
Ready to submit your research ?  Choose BMC and benefit from: 
 95. Estrada‑Peña A. Understanding the relationships between landscape 
connectivity and abundance of Ixodes ricinus ticks. Expl Appl Acarol. 
2002;28:239.
 96. Estrada‑Peña A. The relationships between habitat topology, critical 
scales of connectivity and tick abundance Ixodes ricinus in a heteroge‑
neous landscape in northern Spain. Ecography. 2003;26:661–71.
 97. Tack W, Madde M, Baeten L, Vanhellemont M, Gruwez R, Verheyen K. 
Local habitat and landscape affect Ixodes ricinus tick abundances in 
forests on poor, sandy soils. Forest Ecol Manag. 2012;265:30–6.
 98. Perez G, Bastian S, Agoulon A, Bouju A, Durand A, Faille F, et al. Effect of 
landscape features on the relationship between Ixodes ricinus ticks and 
their small mammal hosts. Parasit Vectors. 2016;9:20.
 99. Nupp TE, Swihart RK. Effect of forest patch area on population 
attributes of white‑footed mice (Peromyscus leucopus) in fragmented 
landscapes. Can J Zool. 1996;74:467–72.
 100. Ehrmann S, Liira J, Gärtner S, Hansen K, Brunet J, Cousins SA, et al. 
Environmental drivers of Ixodes ricinus abundance in forest fragments of 
rural European landscapes. BMC Ecol. 2017;17:31.
 101. Ostfeld RS, Keesing F. Biodiversity and disease risk: the case of Lyme 
disease. Conserv Biol. 2000;14:722–8.
 102. LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. The ecology of infec‑
tious disease: effects of host diversity and community composition on 
Lyme disease risk. Proc Natl Acad Sci USA. 2003;100:567–71.
 103. Brownstein JS, Skelly DK, Holford TR, Fish D. Forest fragmentation 
predicts local scale heterogeneity of Lyme disease risk. Oecologia. 
2005;146:469–75.
 104. Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, Holt RD, et al. 
Impacts of biodiversity on the emergence and transmission of infec‑
tious diseases. Nature. 2010;468:647.
 105. Randolph SE. The shifting landscape of tick‑borne zoonoses: tick‑
borne encephalitis and Lyme borreliosis in Europe. Phil Trans R Soc B. 
2001;356:1045–56.
 106. Gray JS, Dautel H, Estrada‑Peña A, Kahl O, Lindgren E. Effects of climate 
change on ticks and tick‑borne diseases in Europe. Interdiscip Perspect 
Infect Dis. 2009;2009:593232.
 107. Estrada‑Peña A, de La Fuente J. Species interactions in occurrence 
data for a community of tick‑transmitted pathogens. Sci Data. 
2016;3:160056.
 108. Estrada‑Peña A, de La Fuente J, Ostfeld RS, Cabezas‑Cruz A. Interactions 
between tick and transmitted pathogens evolved to minimise compe‑
tition through nested and coherent networks. Sci Rep. 2015;5:10361.
 109. van Overbeek L, Gassner F, van der Plas CL, Kastelein P, Nunes‑da Rocha 
U, Takken W. Diversity of Ixodes ricinus tick‑associated bacterial com‑
munities from different forests. FEMS Microbiol Ecol. 2008;66:72–84.
 110. Carpi G, Cagnacci F, Wittekindt NE, Zhao F, Qi J, Tomsho LP, et al. 
Metagenomic profile of the bacterial communities associated with 
Ixodes ricinus ticks. PLoS One. 2011;6:e25604.
 111. Aivelo T, Norberg A, Tschirren B. Human pathogen co‑occurrence in 
Ixodes ricinus ticks: effects of landscape topography, climatic factors and 
microbiota interactions. bioRxiv. 2019. https ://doi.org/10.1101/55924 5.
 112. Williams‑Newkirk AJ, Rowe LA, Mixson‑Haydens TR, Dasch GA. Charac‑
terization of the bacterial communities of life stages of free living lone 
star ticks (Amblyomma americanum). PLoS ONE. 2014;9:e102130.
 113. Marchesi JR, Ravel J. The vocabulary of microbiome research: a pro‑
posal. Microbiome. 2015;3:31.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
